RNA interference (RNAi) is a conserved mechanism in which small interfering RNAs (siRNAs) guide the degradation of cognate RNAs, but also promote heterochromatin assembly at repetitive DNA elements such as centromeric repeats 1,2 . However, the full extent of RNAi functions and its endogenous targets have not been explored.
RNA interference (RNAi) is a conserved mechanism in which small interfering RNAs (siRNAs) guide the degradation of cognate RNAs, but also promote heterochromatin assembly at repetitive DNA elements such as centromeric repeats 1,2 . However, the full extent of RNAi functions and its endogenous targets have not been explored.
Here we show that, in the fission yeast Schizosaccharomyces pombe, RNAi and heterochromatin factors cooperate to silence diverse loci, including sexual differentiation genes, genes encoding transmembrane proteins, and retrotransposons that are also targeted by the exosome RNA degradation machinery. In the absence of the exosome, transcripts are processed preferentially by the RNAi machinery, revealing siRNA clusters and a corresponding increase in heterochromatin modifications across large domains containing genes and retrotransposons. We show that the generation of siRNAs and heterochromatin assembly by RNAi is triggered by a mechanism involving the canonical poly(A) polymerase Pla1 and an associated RNA surveillance factor Red1, which also activate the exosome. Notably, siRNA production and heterochromatin modifications at these target loci are regulated by environmental growth conditions, and by developmental signals that induce gene expression during sexual differentiation. Our analyses uncover an interaction between RNAi and the exosome that is conserved in Drosophila, and show that differentiation signals modulate RNAi silencing to regulate developmental genes.
In S. pombe, centromeric transcripts are processed by RNAi factors including the Argonaute (Ago1)-containing RNA-induced transcriptional silencing (RITS) complex, the RNA-dependent RNA polymerase (Rdp1) and Dicer (Dcr1) 2 . Processing of transcripts into siRNAs is coupled to loading of Clr4, a homologue of mammalian SUV39H, required for histone H3 lysine 9 methylation (H3K9me) 3, 4 . Whereas most siRNAs correspond to centromeric repeats 5, 6 , siRNAs that match other repetitive structures such as Tf2 retrotransposons have not previously been detected.
The 39-59 exonuclease activity of the exosome that also processes heterochromatic transcripts [7] [8] [9] acts in an overlapping manner to RNAi to silence centromeric transcripts 10 , suggesting that RNAi and the exosome share targets. Recent studies have revealed widespread transcription of the genome 7, 11, 12 , producing transcripts that are regulated by the exosome 7 . Under specific growth or developmental conditions, some of these transcripts may also feed into the RNAi pathway to generate siRNAs for heterochromatin assembly. Such RNAi targets might be detected in an exosome mutant, in which transcripts would be processed preferentially by RNAi machinery.
We performed high-throughput sequencing of small RNAs in cells lacking the exosome subunit Rrp6 to identify RNAi targets throughout the genome. We observed small RNA clusters mapping to various genomic locations. Equal densities of small RNA reads match forward and reverse strands of specific loci, and are abolished in RNAi mutants ( Supplementary Table 1 and Figs 1 and 2). Overlapping transcription at convergent genes could induce RNAi 13 , but siRNA clusters are also observed at non-convergent loci, indicating an alternative mechanism.
Previously unknown RNAi targets include loci in subtelomeric regions as well as protein-coding genes, and siRNA clusters correlate with H3K9me enrichment ( Supplementary Fig. 1 and Supplementary  Table 1 ). H3K9me peaks are dependent on RNAi (Figs 1 and 2), and are distinct from heterochromatin islands that can be assembled without RNAi 14 . Closer examination of heterochromatin domains (HOODs) formed by RNAi shows that H3K9me and siRNA clusters are preferentially targeted to genes upregulated during sexual differentiation, as well as genes encoding transmembrane domain proteins ( Supplementary Table 1 lanes were used to calculate the relative fold enrichments shown. c, Northern blot with probes specific to myp2 or SPCC1442.04c was used to detect siRNAs. Transfer RNA serves as a loading control. d, The H3K9me2 was mapped by ChIP-chip. siRNA clusters and H3K9me map to the open reading frames of multiple genes, but their distribution decreases sharply, in some cases coinciding with transcription factor TFIIIC-binding sites, such as tRNAs, that are known to serve as heterochromatin boundaries. e, Detection of antisense transcripts generated from myp2 or SPCC1442.04c loci was performed using PCR with reverse transcription (RT-PCR). The act1 transcript level was used as a control. RT(1) and RT(2), reverse transcriptase present or absent, respectively. Table 1) 15 , which could potentially trigger RNAi 16 . Small RNAs that map to genes are predominantly 20-24 nucleotides long ( Fig. 1a ), consistent with RITS-associated siRNAs 5 . Indeed, RITS subunit Chp1 localized to these loci ( Fig. 1b ). Small RNA production also requires Ago1 (Fig. 1a ). The remaining reads in ago1D rrp6D display a broad length distribution consistent with degradation products ( Supplementary Fig. 2 ). Ago1-dependent production of siRNA from myp2 and SPCC1442.04c was confirmed by northern blot (Fig. 1c) , and is required for H3K9me at these loci ( Fig. 1d and Supplementary Fig. 3a ). In rrp6 1 cells, loss of Ago1, Dcr1, Rdp1 or Clr4 stabilized antisense transcripts from myp2 and SPCC1442.04c ( Fig. 1e ), implicating RNAi and Clr4 in the regulation of these loci in wild-type cells.
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Retrotransposons are silenced by several mechanisms to ensure genome stability 17 . In S. pombe, centromere protein CENP-B homologues and chromatin modifiers silence Tf2 retrotransposons and their remnants 18, 19 . RNAi mutants show mild Tf2 derepression and siRNAs mapping to these loci have not been detected 20, 21 . We observed siRNA clusters and H3K9me in rrp6D at Tf2 (Fig. 2a, b and Supplementary  Fig. 3b ). Small RNAs that map to the antisense strand show a preference for uridine at the 59 end and a length profile of 20-24 nucleotides, whereas a portion of those mapping to the sense strand are probably degradation products ( Fig. 2c ). H3K9me is restricted to the Tf2 open reading frame except for Tf2 retrotransposons located in close proximity where H3K9me could be detected at intervening regions ( Supplementary Fig. 4a ). siRNA generation and H3K9me at Tf2 requires Ago1 and Dcr1 ( Fig. 2a, b, d and Supplementary  Fig. 4a ). RNAi is also required for H3K9me and siRNA clusters at other repetitive elements, including a membrane transporter gene duplicated in tandem and flanked by long terminal repeats (LTRs; Supplementary Fig. 4b ).
We next asked whether Clr4 is required for generation of siRNAs in a manner similar to its role at centromeres 2 . Small RNA profiling of rrp6D clr4D revealed that Clr4 is essential for siRNA production at Tf2 ( Fig. 2e , f), genes (Supplementary Fig. 5 and Supplementary Table 1 ) and regions with little or no H3K9me ( Supplementary Fig. 6a, b ). Loss of Rdp1, which requires Clr4 for chromatin association 2 , also abolished siRNA clusters ( Fig. 2e, f and Supplementary Fig. 5 ). Thus, heterochromatin and RNAi factors cooperate to generate siRNA clusters.
We also explored assembly of HOODs in wild-type S. pombe cells cultured under varied growth conditions experienced in the natural environment. HOODs were observed in cells grown in carbon-limiting conditions or at low temperature ( Supplementary Fig. 7) . In low glucose, cells showed elevated levels of H3K9me at several HOODs including Tf2, SPBC2D10.04 and the meiotic mcp5 gene (Supplementary Fig. 7a, 8 ). Importantly, generation of siRNAs and HOOD formation at these loci were impaired in ago1D ( Supplementary Fig. 8 ). Thus, assembly of HOODs is regulated by growth conditions in wildtype cells.
We investigated the functional significance of RNAi and heterochromatin factors in silencing target loci. Cells lacking Clr4 or RNAi in combination with rrp6D showed severe defects in silencing of Tf2 and sexual differentiation genes (for example, mug5, mcp3, mek1 and SPCC1442.04c), in contrast to mild or no defects in single mutants ( Fig. 3 and Supplementary Fig. 6c ). Transcript levels were higher when rrp6D was combined with RNAi mutants than when combined with clr4D ( Fig. 3a) . These data clearly show that both RNAi and the exosome are important to fully silence these target loci.
Targeting of centromeric repeats by RNAi confers epigenetic repression on surrounding loci 22, 23 . We found that both RNAi and the exosome coordinate the silencing of multiple loci within HOODs ( Fig. 3b-d) . Importantly, deletion of man1 caused loss of H3K9me and defective silencing of surrounding genes ( Fig. 3c, d ). This finding reveals that nucleation of heterochromatin at genes via RNAi can modulate expression of other genes in cis.
Several siRNA clusters map to known targets of the RNA surveillance factor Red1, which silences sexual differentiation genes, genes encoding transmembrane proteins and Tf2 (ref. 24 ). Red1 interacts with the poly(A) polymerase Pla1 and degrades transcripts via a mechanism involving the poly(A)-binding protein Pab2 and the exosome [24] [25] [26] . Combining rrp6D with red1D, pab2D or pla1-37 caused a reduction in siRNAs and H3K9me at Tf2 and most genes (Fig. 4a, b and Supplementary Figs 1, [9] [10] [11] and Supplementary Table 2 ). By contrast, loss of the RNA-binding protein Mmi1 that directs the exosome and RNAi to certain meiotic loci 27 had no effect on siRNAs and H3K9me at most HOODs, except for a few loci including man1 (Supplementary  Figs 5 and 10 and Supplementary Table 2 ). Interestingly, defects in Pla1 or Pab2 caused a reduction of H3K9me and siRNA clusters at SPCC1442.04c and ste6, whereas red1D had little effect ( Fig. 4c ). Therefore, Pla1 and Pab2 may represent core machinery that cooperates with other factors, as dictated by genomic contexts, to direct H3K9me by RNAi.
We asked whether Pla1 channels transcripts into the exosome and RNAi pathways. Our analysis revealed increased stabilization of Tf2 and gene transcripts in pla1-37 rrp6D, similar to ago1D rrp6D or dcr1D rrp6D (Fig. 4d ). Together with previous findings 24, 26 , these results indicate that Pla1 and associated factors such as Red1 process RNAs that feed into the exosome and RNAi machinery. Indeed, loss of both Rrp6 and Ago1 was required to abolish H3K9me at mcp5, whereas red1D single deletion eliminated heterochromatin modification at this locus ( Supplementary Fig. 12) . 
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Because many of the RNAi targets are developmentally regulated, we asked whether assembly of HOODs might be regulated in a similar manner. We induced sexual differentiation in nitrogen-starved M (mat1-M) cells through ectopic expression of mat1-Pc. Whereas nitrogen starvation alone had no effect, mat1-Pc expression caused the loss of siRNAs and H3K9me at myp2 and SPCC1442.04c (Fig. 4e ). siRNAs that map to Tf2 were still detected (Fig. 4f) , indicating that developmental signals selectively target HOODs that contain genes activated during sexual differentiation.
Finally, we explored the connection between RNAi and the exosome in higher eukaryotes. Small-RNA profiling of Drosophila rrp6 -/revealed an increase in reads that map to repeat elements, as compared with control rrp6 1/larvae ( Supplementary Fig. 13a, b) . These small RNAs are predominantly 25-28 nucleotides and frequently begin with uracil, similar to Piwi-interacting RNA (piRNAs; Supplementary Fig.  13c, d) 17 . The sense and antisense transcripts of retroelements are upregulated in rrp6 -/larvae ( Supplementary Fig. 13e ). An increase in small RNAs that correspond to piRNA clusters (such as 42AB) was also observed ( Supplementary Fig. 14) , indicating that RNAi processes repeat transcripts in the absence of the exosome.
Our analyses indicate that RNAi collaborates with heterochromatin factors to silence developmentally regulated loci and retrotransposons, which are also targeted by the exosome. Although not all loci displaying siRNA clusters in rrp6D might be bona fide targets, RNAi regulates several of these loci in response to physiological conditions in wildtype cells. The exosome may modulate the level of transcripts and/or siRNAs that trigger RNAi in response to developmental and environmental signals. In this regard, RNAi serves as an adaptive response mechanism that reprograms the genome under specific growth conditions. RNAi is triggered at developmentally regulated loci by specialized machinery that includes Red1 and Pla1 (Fig. 4g ). These factors redistribute during sexual differentiation 24 , and may be targets of a signalling cascade that regulates siRNA production. Other poly(A) polymerases, including Mlo3-TRAMP (Trf4-Air2-Mtr4 polyadenylation, note that Trf4 and Air2 are known as Cid14 and Air1, respectively, in S. pombe) that also activates both the exosome and RNAi 7 , may share targets with Pla1 and Red1. Indeed, Mlo3 and TRAMP are required for silencing Tf2 and duplicated genes 7 . Future studies may reveal interaction between RNA processing activities required for gene silencing during development and for genome stability in S. pombe and higher eukaryotes.
METHODS SUMMARY
ChIPs were performed using an anti-H3K9me antibody (Abcam) as described previously 5 . The preparation of small RNA libraries is described in the Methods. For detection of small RNAs by northern blot, 10 mg of small RNAs, purified using a mirVana miRNA isolation kit (Ambion), were resolved on a 15% denaturing gel, crosslinked to neutral nylon membranes (Amersham/Pharmacia) and detected using a ,50-nucleotide 32 P-labelled single-stranded RNA probe. 
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METHODS Strains and media. Standard protocols were used for cell culture, sporulation and tetrad analysis. Deletion of endogenous man1 was performed by PCR-based gene targeting with clonNAT resistant genes as selection markers. Because the pla1 gene is essential for growth, a partial loss-of-function mutant allele of pla1 (pla1-37) (a gift from M. Yamamoto's laboratory) was used. Wild-type and mutant cells were grown at 30 uC or 32 uC in either rich (YEA) or minimal (EMM) media. For nitrogen starvation, cells were cultured in EMM medium lacking nitrogen source. Strains and oligonucleotides used in this study are listed in Supplementary Tables  3 and 4 , respectively. Small RNA library construction. Small RNA fractions ,40 nucleotides were prepared by gel purification from denaturing acrylamide gels, or by using flashPAGE fractionation (Life Technologies) according to the manufacturer's recommendation 28 Libraries were concentrated using QiaQuick columns (Qiagen) and analysed using DNA1000 chips and reagents on an Agilent 2100 BioAnalyzer (Agilent). ChIP analysis. ChIP and ChIP-chip analyses were performed as described previously with antibodies against dimethylated H3K9 (Abcam) 5 . In brief, exponentially growing cells (5 3 10 8 ) were fixed in 3% paraformaldehyde and chromatin. For ChIP of Chp1, cells were subsequently crosslinked by treatment with 10 mM dimethyl adipimidate. Cells were washed with PBS, resuspended in lysis buffer (50 mM HEPES/KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% deoxycholate) and homogenized with glass beads. Chromatin was sheared by sonication to fragments of 500-1,000 base pairs, precleared with protein A slurry and immunoprecipitated with 2-4 mg of antibody. Immunoprecipitated chromatin was recovered by incubation with protein A or protein G slurry, washed extensively and reverse crosslinked by incubation at 65 uC.
Immunoprecipitated DNA and DNA isolated from WCE were analysed by multiplex PCR or subjected to microarray-based ChIP-chip analysis. Northern blot analysis. Northern blot analysis was performed as described previously 29 . Total RNA was isolated from cells with MasterPure yeast RNA purification kit (Epicentre). 10 mg total RNA was loaded into each lane. Total RNA was transferred from gels to a positively charged nylon membrane (BrightStar-Plus, Ambion) using a specific transfer buffer (NorthernMax transfer buffer, Ambion). The 32 P-labelled single-stranded RNA probes were hybridized overnight to the membrane in ULTRAhyb buffer (Ambion). Detection of small RNAs by northern blot. For small RNA detection, short RNAs (,200 nucleotides) were purified with the mirVana miRNA isolation kit (Ambion). 10 mg of small RNA was resolved on a 15% denaturing acrylamide gel, followed by transfer to a neutral nylon membrane (Amersham/Pharmacia). Chemical cross-linking was performed as previously described 30 . Crosslinked membrane was probed with 32 P-labelled single stranded RNA probes (,50 nucleotides) corresponding to Tf2, myp2 or SPCC1442.04c. RT-PCR. Strand-specific RT-PCR was carried out as previously described 31 .
DNase-treated total RNA (100 ng), isolated with MasterPure yeast RNA purification kit (Epicentre), was reverse-transcribed using the One-step RT-PCR kit (Qiagen). Drosophila melanogaster genetics. The rrp6 alleles used were f007001, which is a piggybac insertion into the rrp6 coding region and was a gift from E. Lei, and Df(3R)Exel6172, which is a chromosomal deletion of the rrp6 region and was obtained from the Bloomington Stock Center. Homozygous rrp6 mutants were generated by crossing heterozygous rrp6 flies that contained a balancer chromosome with an actin-driven green fluorescent protein (GFP) marker gene. Homozygous larvae were identified by the lack of GFP fluorescence throughout the body. Heterozygous siblings were used as controls. Because rrp6 -/flies failed to grow beyond the L1 larval stage, we profiled small RNAs from the L1 larvae of rrp6 -/and rrp6 1/flies. Small RNA-seq analysis. Small RNA was sequenced using Illumina sequencing platform. Analysis of deep-sequencing data was performed using the commercial program Novoalign (http://www.novocraft.com). Novoalign was used to strip the adaptor sequences from the reads, and align them with the reference genome assembly of either S. pombe (September 2007 release) or D. melanogaster (NCBI release 5_30, 30 May 2011). The output parameters were set to report all valid alignments for each read, and only mapped reads were used in further analysis. Python and R scripts were used to further analyse the aligned read data. Python scripts were used to compile information about genome mapping coverage that included the length and the genomic coordinates of each read, and to generate a count of the number of times each position in the genome was represented in the data set. The coverage count (the number of times a read in the data set was mapped to a given location in the genome) was normalized to per million mapped reads. For the analysis of repetitive regions in D. melanogaster, the mapped reads were processed through the open source program, RepeatMasker 32 . RepeatMasker revealed the identity and abundance of repeats in the small RNA data set, which were plotted using R.
